Chromosomes and nuclear DNA content variation in the eel Synbranchus marmoratus were studied in seven samples taken from rio Paraguay and rio Paraná basins to examine whether karyotype and nuclear DNA content variations could offer useful information for the characterization of independent evolutionary lineages in the genus and construction of evolutionary and biogeographical hypotheses. The occurrence of different karyotypes was already described for this species; however, a new cytotype from rio Miranda was discovered. Nuclear DNA content showed a wide variation among samples and individuals, ranging from 5.2 to 9.1 pg of DNA/nuclei. An analysis of variance confirmed the occurrence of significant differences among samples. In a deeper series of analyses, a multimodality was found in the distribution of nuclear DNA content, in which several, more or less discrete units arose. Finally, combining karyotype formulae with nuclear DNA content, a complex relationship among the rivers sampled was found. Based on the available data, we suggest that several independent evolutionary lineages of Synbranchus marmoratus occur in the rivers sampled. Biogeographical hypotheses are proposed and discussed.
Introduction
South America is the worldwide richest region in freshwater fish species. Around 6,000 species have been estimated, but this number will certainly increase with new studies in poorly studied areas, especially those located in the headwaters of the great river complexes (Reis et al., 2003) . Although, in some ways, Synbranchidae is a relatively well-known family, its biogeography and evolution are still poorly understood because of its simple morphology and life-history characteristics that are shared among many species (Favorito-Amorim, 1998) . Currently only two genera, Ophisternon and Synbranchus, and four species, two in each genus, are currently recognized in the Neotropical region (Kullander, 2003) .
Synbranchus marmoratus Bloch, 1795, commonly known as the swamp eel or water snake, is widely distributed from Mexico to northern Argentina while S. madeirae is known only from the rio Madeira basin (Kullander, 2003) . The long
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body, elongated skull, greatly reduced fins and scales (covered by a thick mucous) and a single ventral gill opening provide the reasons for the common names. Able to breathe air (Favorito-Amorim, 1998) , resistant to variable salinity (Tyler & Feller, 1996) and capable of sex reversal (Liem, 1968; Lo Nostro & Guerrero, 1996; Favorito-Amorim, 1998) , this species is often associated with extremely variable environmental conditions, enabling its wide ecological and geographical distribution (Favorito-Amorim, 1998) . Biochemical and genetic studies have identified a great diversity within the species S. marmoratus. Two electrophoretic patterns of hemoglobins were found, each of which was exclusive to a specific geographic region in the state of São Paulo, Brazil (Nakamoto et al., 1986a, b) . Cytogenetic studies in this genus have revealed diploid numbers ranging from 2n=42 to 2n=46 (Table 1) . Chromosome number and hemoglobin phenotype are associated. Thus, 2n=44 and 2n=46 are found in specimens with hemoglobin phenotype 1 while 2n=42 is found in specimens with hemoglobin phenotype 2 (Nakamoto et al., 1986a, b) .
Variability in nuclear DNA content offers an additional tool for distinguish among local populations and species (Carvalho et al., 1998) . The first studies of variability in nuclear DNA content began in the early 1950s, with the suggestion that an increase in the quantity of DNA might be important for the formation of new gene complexes (Hinegardner & Rosen, 1972) . Increases and reductions in nuclear DNA content are common. Reductions contributed to speciation associated with the origin of the majority of the living teleosts (Hinegardner & Rosen, 1972) . Thus, adaptation to variable environments may be associated with changes in nuclear DNA content (Goin et al., 1980) .Understanding these variations can help elucidate the evolutionary and biogeographical histories of species (Chang et al., 1995) . Based on the known genetic variability in Synbranchus marmoratus, we examined nuclear DNA content variations and karyotype diversity of seven samples of Synbranchus marmoratus looking for the characterization of independent evolutionary lineages in the genus and construction of evolutionary and biogeographical hypotheses. al. (1978) and Foresti et al. (1993) with increased mitotic indexes following Cucchi & Barufaldi (1990) . Chromosome morphology was determined on the basis of arm ratio as proposed by Levan et al. (1964) and chromosomes were classified as metacentrics (M), submetacentrics (SM), subtelocentrics (ST) and acrocentrics (A). Nuclear DNA content was determined following Gold & Price (1985) modified by Carvalho et al. (1998) . Representative nuclei were found in the blood smears and compared with three representative controls (chicken, common carp and rainbow trout) as described by Fenerich et al. (2004) . Light absorbance for each nuclei was then standardized by comparison with controls and expressed as a percentage of the mean absorbance values of the controls. Nuclear DNA content was calculated by multiplying the standardized absorbance values by the known values of the standard species, and expressed in picograms.
Material and Methods

Specimens of
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To test whether samples formed populations with similar DNA content, nuclear DNA content (calculated as the average of 30 measurements per individual) was compared among samples using analysis of variance (ANOVA, followed by appropriate contrasts, depending upon assumptions of normality and homogeneity of variances). Cluster analysis was conducted using karyotype structure variables and nuclear DNA content as continuous variables with the average centroid method (Euclidean distances) (JMP, version 5, 2002) . Chromosome variables were taken from the karyotypical formulae, providing five variables. For example, 2n=44 (4M+2SM+8ST+30A) provides five variables (2n = 44, M = 4, SM = 2, ST = 8 and A = 30). 
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Differences in diploid numbers (with values ranging from 2n=42 to 2n-46) and chromosomal formulae (Table 1) among the samples resulted in the identification of five cytotypes of Synbranchus marmoratus (Fig. 2) . A new cytotype was found in some specimens from the rio Miranda, with 2n=46 and the chromosome formula: 6M+2SM+6ST+32A (Fig. 2E) .
In testing whether nuclear DNA content varied among samples and cytotypes (ANOVA) the residuals were not normally distributed. While Kruskal-Wallis ANOVA showed differences among groups (p < 0.05), closer analysis of the samples and residuals revealed multimodality in the distribution of nuclear DNA content, suggesting that nuclear DNA content was divided into more or less discrete groupings, both within and between samples (Fig. 3) . By separating each of the five previously described samples based on their nuclear DNA content, 12 distinct groups exist in the rivers sampled (Fig. 3) . Cluster analysis, with diploid numbers, karyotypical formulae and average individual nuclear DNA content as variables, grouped the individuals into five groups in which some individuals from different rivers were included within the same group (for example, SP 2 and SP 3 and PR 2 , PR 3 and MS 2 ). Nuclear DNA content of individuals from one locality may vary more than among individuals from different localities (SP 3 , PR 2 and MS 2 , Fig. 3 ).
Discussion
The variation in diploid number found in this study (2n=42 to 2n=46) is similar to that observed in previous studies in Brazil and Argentina (Table 1) . A new cytotype (identified here as MS 1 ) from rio Miranda was found. Morphological studies showed that Ophisternon aenigmaticum is the basal sister species of the genus Synbranchus (Favorito-Amorim, 1998) and molecular analyses that not included the genus Ophisternon showed that the genus Mastacembelus is the basal sister group of Synbranchus marmoratus (Miya et al., 2003) . Cytogenetic studies with Mastacembelus armatus (Oliveira et al., 1997) and M. aculeatus (Liu et al., 2002) showed that both species have 2n=48 chromosomes. Yet Ophisternon bengalense has 2n=46, 6 M + 40 ST (Arkhipchuk, 1999) . For these reasons we suggest that the most primitive diploid number in Synbranchus is 2n=46 and subsequent rearrangements (possibly chromosome fusions) reduced the diploid number to 2n=44 and 2n=42.
Additionally, a surprising variation in nuclear DNA content was found in the present study. Cohesiveness within both data sets suggests that some cytotypes of Synbranchus marmoratus have wide distributions and exist in sympatry with other cytotypes. The occurrence of different cytotypes living in sympatry, as seen in the rio Miranda ( Figs. 2A-E) , and the absence of natural hybrids, reinforce the hypothesis that these cytotypes represent reproductively isolated units. 
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Besides the fact that the two cytotypes found in the rio Miranda are sympatric and syntopic, they are very different. MS 1 has a new and unique karyotype (unlike other 2n=46 cytotypes previously recorded), while MS 2 has a karyotype identical as those found in PR 2 and PR 3 samples (2n=42 cytotype; Figs. 2-3) . Therefore, MS 1 seems to be isolated, and might have been so for a relatively long time, possibly even reaching the status of a new species. On the other hand, MS 2 , PR 2 and PR 3 may represent three reproductively connected samples given their shared diploid number, karyotypical formula and DNA content. Within these last three samples, however, we may also find subdivisions at a finer scale, based on similar DNA content distributions (showed by the dotted lines in Fig. 3 ). This supports the hypothesis of advancing and receding ocean levels, allowing incursions of the 2n=42 samples, while leaving the other samples (2n=44 and 46) in the headwaters. Similar patterns were found with sympatric species of the genus Hypostomus (Artoni & Bertollo, 1996) , sympatric cytotypes of Astyanax scabripinnis (Maistro et al., 2000) and more recently with sympatric and syntopic species of genus Characidium (Centofante et al., 2003a) . Thus, the occurrence of different cytotypes in S. marmoratus may represent cryptic species originated during isolation episodes occurred during sea level fluctuations. The new cytotype (MS 1 ) is probably related to the karyotype macrostructure observed from PR 1 . A single pericentric inversion in one of the four subtelocentric pairs of PR 1 sample may have given rise to the third metacentric pair in the MS 1 cytotype.
Since shared chromosome numbers and karyotypical formulae are the results of heredity-based processes, the eight local cytotypes were divided in five basic cytotypes (Fig. 2) . Next, nuclear DNA content suggested further subdivisions within those eight local cytotypes (Figs. 3-4) . However, these divisions did not follow predicted patterns, in that each region would show similarities in DNA content, but rather suggested sympatric processes that allowed differentiation in situ.
This wide variation in karyotype and nuclear DNA content (Figs. 2-4 ) provides evidence for a hypothesis about the biogeographical patterns of distribution of Synbranchus marmoratus. Thus, karyotypes are grouped by similarities into the following groupings: the samples SP 2 and SP 3 ; the samples PR 2 , PR 3 , and MS 2 ; with the samples SP 1 , PR 1 , and MS 1 appear as independent groups belonging to a particular branch (Fig. 4) . Indeed one of the most interesting relationships is the close relationship between samples PR 3 and MS 2 . This relationship suggests that there was a recent range expansion, since these samples have the same karyotype ( Fig.  2A ) and nuclear DNA content (Fig. 3) . Cluster analysis (Fig.  4) supports this last hypothesis, given the similarities of the PR 3 and MS 2 samples. A similar pattern might also have occurred in the samples SP 2 and SP 3 (Figs. 3-4) . The relationship between the samples PR 3 -MS 2 and SP 2 -SP 3 may be explained by a similar metapopulation structure where these samples may interact by genetic flow (Baguette, 2004) .
Following this reasoning, S. marmoratus may be subdivided into as many as 12 groups due to similarities in nuclear DNA content and karyotypes. These groups form easily interpreted clusters (Fig. 4) , the exact details of which will only be determined by more detailed studies of nuclear DNA content in these populations. These clusters suggest cohesiveness between geographically distant areas (SP 2 , SP 3 , PR 3 and MS 2 ) and reproductive isolation in sympatry (MS samples). We suggest that these data can be explained by the last great marine incursion into South America (~5 mya -Frailey, 2002) , since the distribution of the 2n=46 and 44 cytotypes (SP 1 , PR 1 and MS 1 ) are closest to the headwaters of the rivers, possibly isolated during the marine incursion events in the past (Table  1 , Fig. 1 ; but see Sanchez & Fenocchio, 1996) . Also, populations far from the headwaters (2n=42 cytotypes) underwent more drastic selection regimes, causing more variable karyotypes and nuclear DNA content. Headwater populations remained stable in allopatric and static condition (i.e., SP 1 , MS 1 and PR 1 ). This trend suggests a possible radiation of the 2n=42 samples. Additional support for this hypothesis is found in Nakamoto et al. (1986a, b) , in which chromosome number and hemoglobin type are associated (2n=44 and 2n=46 are associated with hemoglobin electrophoretic phenotype 1 while 2n=42 is associated with hemoglobin electrophoretic phenotype 2). Thus, samples with 2n=44 and 46 are the least variable in their nuclear DNA content (as seen by the variability Fig. 4 . Cluster analysis based on karyotypes and genome sizes. The vertical bars on the right-hand side of the figure illustrate the closeness of samples found in different rivers and appearing in the same branch of the cluster (cf. Fig. 3 ). Letters A-E indicate cytotypes described in Fig. 2. 
of the points along the nuclear DNA content axis in Fig. 3 ), while those with 2n=42 are the most variable (Figs. 3-4) . We return to the question of how many species of S. marmoratus exist. We show that seven sampled regions, presumably populations, in different rivers were divisible into several other groups, depending upon the criteria used. With classification based on karyotype and nuclear DNA content, some of these groups are probably cryptic species, especially in the 2n=42 group (see bars on right side of Fig.  4) . Also, since sympatric samples may differ more among themselves than to allopatric samples, these data suggest possible sympatric speciation, or biogeographic events that lead to the sympatric distributions of very similar species. The exact nature of the species structure of these rivers as well as a reconstruction of the biogeographic processes giving rise to this structure, will require data gathered specifically to test this issue. Further sampling in MS 1 and MS 2 would be especially productive since these contain at least two distinct karyotypes as well as perhaps four nuclear DNA content sizes (Fig. 3) . If these hypotheses are correct, then S. marmoratus is a species complex whose taxonomic status requires further study. Also, this surprising genomic diversity implies that the region contains more species than hitherto recognized, with many ecological, evolutionary and conservation implications (Ryder, 1986; Moritz, 1994) . Since these data were not collected with this complexity in mind, we cannot attempt to answer the question of how many species, but we suggest that it is at least five, based on karyotypes (Fig. 4) . Also, based on the data provided in the table 1, it would be possible to suggest a wide species diversity hosted by the name Synbranchus marmoratus. Among the cytotypes with 42 chromosomes, four different genetic identities (karyotypic formula) may identified: 4M/ SM+38ST/A, 6M/SM+36ST/A, 4M+6SM+8ST+24A and 4M+2SM+8ST+28A. In addition, among the cytotypes with 44 chromosomes, two different genetic identities may be observed (4M/SM+40ST/A and 4M+2SM+8ST+30A). Yet, among the cytotypes with 46 chromosomes, three different genetic constitutions are observed: 4M/SM+42ST+A, 4M+2SM+8ST+32A and 6M+2SM+6ST+32A. Such hidden diversity seems to be not a privilege of Synbranchus marmoratus given its occurrence in another fish groups such as Erythrinus erythrinus (Bertollo et al., 2004) , Astyanax altiparanae (Fernandes & Martins-Santos, 2004) , Characidium spp. (Centofante et al., 2003a) , Hyphessobrycon anisitsi (Centofante et al., 2003b) . If the species is further divided based on DNA content, then the evolutionary complexity of those river systems will offer additional insights in evolution and in the biogeography of southern South America. 
